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ABSTRACT
Daylight performance in a real space is dynamic, as a response, dynamic glare evaluations are more reasonable.
Based on the fundamental of widely studied instantaneous assessment of visual comfort evaluations, the novelty of
this research is duration in predicting visual comfort issues, aims to explore the relationship between human
discomfort perceptions and glare integral in time. Subjective survey and 6-minute time interval eDGPs simulations
was taken place in four east-facing test rooms in Guangzhou, China. 16 volunteers participated in this survey from
July 6th to Sep 3rd, 2017, all participants ranked the visual discomfort condition three times a day in
morning/midday/afternoon. The results of this survey illustrated that enhanced simplified DGP (eDGPs) is capable
to instead of full-rendered DGP in predicting time-based visual comfort issues, and eDGPs has the advantage of
being able to be rapid calculated in long-term survey or analysis. Moreover, there existed a strong correlation
between the duration time above certain visual comfort thresholds with reported long-term visual comfort. The
trigger duration time of 0.45>eDGPs≥0.40 is 12 minutes that occupant could evaluate the space visual intolerable
and the corresponding median duration time is no less than 24 min. Meanwhile, the median duration time of
0.40>eDGPs≥0.35 is 6 min that a subject could rank the office space visual disturbing. The trigger duration time of
0.35>eDGPs≥0.30 is 6 min and the median value is 18 min that subject could probably evaluate the room space as
glare perceptible.

1. INTRODUCTION
Most visual comfort investigations focused on the comfort at a single instant. Different from instantaneous visual
comfort, time-based prediction of visual comfort is a ceaseless measure of sensation. The timing, intensity, spectrum,
duration, pattern of light received at the eye and prior light history are the principal factors determining the
discomfort effects of glare. There is no systematic categorization of daylight discomfort glare assessment
approaches in terms of measurement techniques, duration and temporal factors, standardized questionnaires and
surveys (Tzempelikos, 2017). The continuous practices of dynamic daylight glare evaluation have yet to embrace a
well-used rating framework of long-term visual comfort prediction. There are a number of theoretical glare
formulations, any of which could be used to analyze the output from a lighting simulation. In aims of quick
rendering and rapid to acquire, simplified DGP (DGPs) and enhanced simplified DGP (eDGPs) were proposed by
Wienold (2009) for replacing of full rendered DGP in hourly annual daylight glare simulation. Tzempelikos and
Chan (2012) proposed a hybrid ray-tracing and radiosity method for calculating illuminance and luminance
distribution with time intervals in daylit spaces, as the algorithm combines the advantages of both methods, so the
accuracy is also ensured. Xiong and Tzempelikos (2016) have proved it is very useful for faster calculation of timebased glare metrics with any fenestration system. Jakubiec (2016) proposed a concept for predicting occupants’
long-term visual comfort within daylit spaces: a paired study consisting of occupant surveys and visual comfort
simulations was performed. Jakubiec also noted that it is necessary to test the concept of long-term visual comfort in
different buildings, use types and with more voluminous data to aid in validation of the concept.
Focus to study the effects of duration of glare occurrence, a subjective survey was conducted from July 6th to Sep
3rd, 2017. Totally, 16 volunteers take participant in this survey who are ordered to work in the test room as usual.
The participants were asked to finish a survey on commenting about their visual comfort sensation in the past hours.
The dynamic glare metric predictions in this research were made using the eDGPs method. An illuminance meter
was installed on the back of monitor top to measure the vertical illuminance, which was used to convert to vertical
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eye illuminance at the subject position. Moreover, radiance based 0-ambient luminance map rendering plus on-site
measured vertical eye illuminance (calculated from vertical illuminance on monitor top) were processed to assess
the dynamic glare evaluation with computer model. Generally, the novelty of this research are two: a) the proposed
methodology allowing to simultaneously collect users' surveys and measured data, without interfering with the
participants' usual work; b) the idea to go beyond the instantaneous assess approach and to consider the duration
time for which some glare metric values are calculated.

2. METHODOLOGY
The experiments in this investigation were conducted in Guangzhou, China. Four office spaces that arranged on the
3rd and 4th story of the laboratory building (marked as room#301, #302, #401, #402) were used as test rooms in this
research. The test rooms in the 4th story are identical with that in the 3rd story, and the two room spaces on the same
story are side by side test rooms. Each room has a side-lit window on the east wall that extended from the floor to
ceiling and the window width is the room width. Venetian blinds were specially removed from the tests rooms. Ev
was measured in the participants’ viewing direction from the top of the monitor via an illuminance meter, more
importantly, Ev measured at this position will not interfere the participants' usual work.
The height of the test rooms is 2400 mm and the window height is 2100 mm, window width is 2900 mm, as well as
the outer frame and mullion width are 50 mm. The work desk height is 750 mm and orient north such that the
analysis views face north. All the observer height in four test rooms is 1200 mm. The desks are located at a different
distance from the window, which is 3 meters in both test room #301 & #302 as well as 2 meters in test room #401 &
#402. The exact dimensions and locations can be seen in Fig.1.

Figure 1: Test room #301 & #302 geometric properties in plan and section (unit: mm)

Figure 2: Simulated eDGPs and DGP calculated from HDR images
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Prediction of time-based visual comfort as well as glare metrics with certain intervals requires fast and accurate
simulation. DGP is selected to utilize in this research. No blinds installed in the side-lit window in this investigation.
So the dynamic glare metric predictions in this research were made using the eDGPs method. The original eDGPs
calculation uses Daysim simulated Ev as input, however, it is conditionally input on-site measured Ev values directly,
since this is a laboratory research project. Radiance based 0-ambient luminance map rendering plus on-site
measured Ev were processed with Evalglare to assess the dynamic glare evaluation with computer model in this
study. It is important to mention that the vertical eye illuminance was measured at the monitor top in the on-site
investigation, however, the position of view point and monitor top do not coincide, there existed an approximate 450
mm linear distance. Obviously, there is a deviation between E v measured on monitor top and Ev at subjects’ view
point. So it is quite necessary to calibrate the input E v in computer simulation with the measured Ev on the monitor
top in test rooms. Hence, prior to analysis from simulation results, validate the glare index derived through
simulations is necessary: glare measurements from high dynamic range photographs taken in the test room and
computer simulations using an identical 3D model in order to assess how accurately the eDGPs simulation adopted
in this study could be.
The validation test had taken place in test room #301. A DSLR camera with 180 degree fish eye lens (Canon Eos
600D + Sigma 4.5mm/f2.8) was fixed on a tripod to capture photos from the point of view of the participant at 1.2 m
height, as well as an illuminance meter (Minolta T-10) was installed on the camera top for using to measure the
vertical eye illuminance at view point, which was also used to calibrate the HDR images taken by the camera.
Another illuminance sensor (Minolta T-10m) was glued to the back of the top of the monitor for using to collect the
vertical illuminance, which is identical with that in the subjective survey. The monitor screen glows an average 100
cd/m2. The validation test lasted from Dec.7 to Dec.10, 2017 and 8:00 to 18:00 each day, the camera recorded
images at 15 min intervals, and meanwhile, the two illuminance meters record synchronously. During the validation
test time, totally 160 sets of data were collected. The vertical illuminance measured at the two positions have a
steady linear correlation (y = 0.7965*x + 67.01, y = E v measured at view position, x = E v measured on monitor top,
R2=0.9954). All the pictures taken in validation test time were fused to HDR images and had passed vignetting
correction and linear calibrated by the measured illuminance at view point (on camera top). In total, 146 valid HDR
images were recorded. All of the images are processed by Evalglare to generate the value of DGP.
With trials in this stage aiming to verify the eDGPs simulation method, a computer model was created which was
identical with the test room with urban context. The position of viewpoint was arranged in accordance with the
camera in the test room. In the case of this study, the Ev measured on monitor top was corrected by the formula (y =
0.7965*x + 67.01) instead of Daysim simulated E v as the input Ev. While the contrast was determined based on
rendered images of direct sunlight using a 0 ambient bounce calculation in Radiance compared to the Ev values with
15 minutes intervals. Weather data were acquired from a weather station installed on the roof of the laboratory
building in which the test rooms are located. The weather station contains several pyranometers, one unshaded for
global radiation and a second one with a shadow ring attached to it. Direct solar radiation can then be deducted from
the difference between global and diffuse pyranometer measurements. The 146 measured DGP and Evalglare
simulated eDGPs were plotted in Fig.2. As could inform by the comparison, the simulations demonstrate an
acceptable variation (RMSE=0.0506) of DGP (eDGPs) to the measurements in the test room, hence the simulation
method was validated.
A subjective survey was conducted of the graduate students who came from architecture school and meanwhile
worked in the state key laboratory from July 6 th to Sep 3rd, 2017. Totally 16 volunteers took participant in this
survey, of which were 9 males and 7 females, aging from 23 to 28 years old. All participants got relevant visual
comfort evaluation experience, as had taken part in the previous investigation of glare metrics. The participants were
divided into four groups and four people in each. The participants in a group were assigned to different test rooms,
and the test room was fixed used by the participant until the group’s survey end. The 1st group was tested from July
6th to July 23rd, the 2nd group started testing from July 24th to August 7th, the 3rd group 3 from August 8th to August
21st, and the last group from August 22nd to September 3rd.
Participants worked in the test room as usual, reading, web browsing, editing documents, writing their papers,
watching on-line movies, they could perform what they like on the seat in the test room. Each participant has to
spend almost all daytime in the test room, except the lunch time from 11:30 am to 12:30 pm, actually the survey was
conducted during the daytime for three periods each day: 8:00 am to 11:30 am, 12:30 pm to 2:30 pm and 2:30 pm to
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5:30 pm. At the end of the test period, about 11:30 am, 2:30 pm and 5:30 pm each day, the participants were asked
to finish a survey on commenting about their visual comfort sensation.
A survey form was used to collect users’ feedback regarding the glare experienced during the past hours, which is
designed to be very specific and thus only requires few mouse clicks to complete. The survey form consists of three
questions: Questions is a 4-point scale ranking of glare perception from ‘1-imperceptible’ to ‘4-intolerable’ about
the overall perception of glare during the pasted hours. The glare scales are described as follows: ‘Imperceptible’
refers to the user have no feeling of glare during the past four hours; ‘Noticeable’ refers to the user can clearly feel
some glare, but it doesn't really bother him/her; ‘Disturbing’ marks the level of glare is high and can distract him/her
from work after a while; ‘Intolerable’ refers to the user have experienced high glare, discomfort and cannot focus on
work.

3. DATA ANALYSIS
3.1 Survey Results
Accounting the data acquired from four test rooms together, this survey collected 614 responses from the three time
of day (morning/midday/afternoon) during all 59 survey days, which was equivalent to the survey completion rate
reached 87%, in other words, 94 out of all predicted 708 survey forms were abandoned during the whole
investigation. In all collected 614 survey results, 308 sorted as ‘1-imperceptible’, 159 sorted as ‘2-Perceptible’, 87
sorted as ‘3-Disturbing’ and 60 sorted as ‘4-Intolerable’.

3.2 Predicting Time-Based Visual Comfort Evaluations
Table.1: ANOVA analysis of duration time of eDGPs above thresholds and subjective comfort evaluations
duration time eDGPs≥0.45
duration time eDGPs≥0.40
duration time eDGPs≥0.35
duration time eDGPs≥0.30

Sum of Sq.
128.75417
161.21516
192.14027
195.42366

Mean Square
6.13115
8.06076
7.11631
5.92193

F Value
8.76319
14.54468
16.47949
13.81667

p-value
0
0
0
0

R-square
0.44772
0.5606
0.66814
0.67956

The purpose of this research is to assess how much discomfort glare, including the intensity, time and level, be
experienced in order for a subject to deem the room space visually uncomfortable in a period. With the simulated
discomfort glare metric values at 6 min intervals and subjects’ perception survey results in four test rooms, it is
possible to do dynamic analysis of visual discomfort considering time related causes. According to previous studies,
Jakubiec & Reinhart (2016) found that there existed a strong correlation between the percentages of occupied hours
above certain visual comfort thresholds with reported long-term visual comfort. From this conclusion, it is also
believed that the duration time above a visual comfort threshold strongly correlated with the visual discomfort
perceptions.
Table2: The duration time that occupants would evaluate the space visual discomfort
Visual comfort
perceptions

Duration
time

Intolerable

Trigger
Median

Disturbing

Trigger
Median

Perceptible

Trigger
Median

Metric
(Scale of time-based DGP/eDGPs)
0.45>eDGPs≥0.40 0.45>eDGPs≥0.35 0.45>eDGPs≥0.30
≥12 min
≥30 min
≥42 min
≥24 min
≥42 min
≥60 min
0.40>eDGPs≥0.35 0.40>eDGPs≥0.30
0
≥18 min
≥6 min
≥30 min
0.35>eDGPs≥0.30
≥6 min
≥18 min
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Statistical analysis has processed towards all 60 sets of intolerable votes, 87 sets of disturbing votes and 159 sets of
perceptible votes, in which the value of eDGPs above a certain threshold was investigated for their duration time to
participant’s evaluations.
In order to understand the significance of all these data, ANOVA analysis was processed between the duration time
of eDGPs above thresholds (≥045/≥0.40/≥0.35/≥0.30) and the corresponding subjective evaluations (4-intolerable/3disturbing/2-perceptible/1-imperceptible), the result of which was illustrated in Table.1. There existed a notable
correlation between the two factors, and the correlation increases with the decrease of the threshold value. At least,
these results could confirm that there is a notable correlation between duration of time-based DGP and subjects’
glare perceptions. Table.2 presented the scale of duration of time-based DGP that occupants would evaluate the
office space visual discomfort.

4. CONCLUSION
This experimental and simulation study describes the time-based visual comfort predictions of daylit spaces in
contrast to widely studied instantaneous glare assessments. The novelty of this research are two: a) the proposed
methodology allowing to simultaneously collect users' surveys and measured data, with out interfering with the
participants' usual work; b) the idea to go beyond the instantaneous assess approach and to consider the duration
time for which some eDGPs values are calculated. Daylight environment in real spaces is dynamic, hence, dynamic
visual comfort evaluations are more reasonable and practical in guiding the dynamic shading operations. After
reviewing of the visual comfort metrics, DGP or eDGPs was selected as the visual comfort metric adopted in this
research. In this article, eDGPs are calculated using on-site measured vertical eye illuminance (corrected from Ev
measured on monitor top) combined with 0-ambient radiance renderings. This approach was validated by the
comparison between simulation results and measured values in the test room. The time-based visual comfort survey
was carried on in four test rooms in Guangzhou, China and lasted about eight weeks. Totally, 614 useful survey
forms were collected. After statistical analysis, the results showed that:
 According to the survey result, it is possible to use current visual comfort metrics to predict occupants’
time-based visual comfort in a daylit office space;
 Enhanced simplified DGP (eDGPs) was validated to replace full-rendered DGP in predicting time-based
visual comfort issues, and eDGPs has the advantage of being able to be rapid calculated in long-term
survey or analysis;
 There existed a strong correlation between the duration time above certain visual comfort thresholds with
reported time-based visual comfort;
 The trigger duration time of 0.45>eDGPs≥0.40 is 12 minutes, while in 0.45>eDGPs≥0.35 is 30min and the
duration in 0.45>eDGPs≥0.30 is 42min that occupant could evaluate the space visual intolerable and the
corresponding median duration time is no less than 24 / 42 / 60 min. Meanwhile, the median duration time
of 0.40>eDGPs≥0.35 is 6 min that a subject could rank the office space visual disturbing. The trigger
duration time of 0.35>eDGPs≥0.30 is 6 min and the median value is 18 min that subject could probably
evaluate the room space as glare perceptible;
 It is suggested that shading activities should involve if a consecutive glare in a lower level was observed.
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